The position error of array antenna significantly deteriorates the gain and sidelobe of the array, which seriously hinders the realization of high performance of communication antenna for Internet of Things (IoT). Based on the sensitivity analysis theory, the sensitivity of the array radiation field with respect to the position of the antenna element is derived. Besides, a novel design method of position tolerance for array antenna is proposed and applied to a 20 × 20 planar array. Compared with the array designed by traditional method, the gain loss is basically the same (being 0.5 dB), while the peak sidelobe level is lowered by 1.937 dB ( = 0 ∘ )/1.586 dB ( = 90 ∘ ). Besides, the uncertainty analysis results show that the newly designed array has a much higher chance to achieve the desired performance, which fully demonstrates the innovation and effectiveness of the new method.
Introduction
The Internet of Things (IoT) has received considerable attention in many areas like smart cities [1] , health care [2] , and so on [3] [4] [5] [6] . The array antenna is a key component to acquire the target information in the Internet of Things [7] . In the complicated electromagnetic jamming condition caused by a large number of other objects, the high gain and low sidelobe of array antenna are crucial parameters for the accurate acquisition of the targets' state [8, 9] . However, affected by the fabrication accuracy and temperature load, the actual position of array element is inevitably deviated from its nominal position, resulting in a significant decrease in the gain and a severe increase in the side lobes [10] [11] [12] [13] [14] [15] [16] . This paper focusses on the design method of the position tolerance of antenna element.
There have been a large number of studies focusing on the tolerance design of antenna element. The tolerance of the amplitude and phase error of the excitation is first studied. Ruze [17] first studied the effect of random amplitude and phase error on the mean value of gain and sidelobe level (SLL) from the statistical point of view. Hsiao [18] made a further step and studied the effect of random amplitude error on the peak sidelobe level (PSLL). Besides, the interval method is adopted to analyze the effect of random amplitude/phase error whose probability distribution is unknown [19, 20] . Besides, with the development of the studies on the position tolerance of amplitude and phase error, the tolerance of the position error of antenna element also receives a lot of attention. Bailin and Ehrlich [21] studied the effect of errors in slot lengths and position on the performance of the slot array. Wang [22] deduced the relationship between the position tolerance of antenna element and the gain loss of the array. Elliott [23] proposed the method to design the position tolerance according to the allowable PSLL increasement. Lanne [24] studied the influence of the position error tolerance of subarray. Besides, the effect of random and deterministic position error on the performance of the array is also analyzed [25, 26] . One thing in common with these tolerance design methods is that in order to meet the requirements of array performance, the tolerance of all elements should be less than the same standard, called the "traditional method" in this paper. However, it is obvious from the qualitative theoretical analysis that the influence of an array element on the electrical performance of array varies from others. If the tolerance of array elements which have larger influence is strictly controlled and that of the array elements which have small influence is reasonably increased, then the performance of the array should be more easier to be satisfied than the "traditional method." Therefore, in order to provide the position tolerance design method of antenna element, how to assess the influence of the position of antenna element on the array performance becomes a crucial problem, which is not yet seen in the public literature.
In this paper, the sensitivity of the main lobe of the array radiation field to the position of antenna element is taken as the parameter to evaluate the influence of the gain on the position of the array, and the corresponding computational model is derived. Besides, the position tolerance of a 20 × 20 planar array is designed based on the positional sensitivity. The results show that compared with the array designed by the "traditional method" the gain loss of the newly designed array is basically the same as the "traditional" one, whereas the PSLL is much lower, which proves the validity and innovation of the new method.
Mathematical Derivation of the Sensitivity Model
The sensitivity analysis can be used to evaluate the influence of independent variables on dependent variable [27] and has been widely used in various fields [28] [29] [30] , but its application in array antenna design is not found in the public literature. Therefore, it is necessary to derive the sensitivity of the array radiation field to the element position. For a planar array as is shown in Figure 1 , the radiation field is as follows:
The sensitivity of the array radiation field to the position of the antenna element ( , ) is in fact calculated by the partial derivative. The greater the modulus of the partial derivative, the higher the position sensitivity of the element ( , ), so the position tolerance of the element should be smaller. Besides, it is obvious that (1) satisfies the conditions of derivable function [31] . In addition, it has been proved that compared to the position error in , direction the position error in direction causes a much larger gain loss and sidelobe level [26] . Therefore, the sensitivity of the array radiation field to the position error in direction is analyzed in this paper, and the result can be easily extended to the analysis of positions in , direction. The can be calculated by the following equation:
Taking a 11×11 planar array as an example, the sensitivity is calculated and is shown in Figure 2 . The structural and electrical parameters of the array are shown in Table 1 .
It can be seen from Figure 2 that the highest position sensitivity is located in the central region of the array, and the lowest is located in the edge region. Based on the previous analysis, in order to meet the performance requirements, the higher the position sensitivity is, the smaller the position tolerance should be. Therefore, it is assumed that the position tolerance of each antenna element is positively linearly correlated to the reciprocal of the corresponding sensitivity. Here T norm is defined as the normalized position tolerance distribution and calculated as follows:
In this case, the normalized position tolerance distribution T norm is shown in Figure 3 . Then the position tolerance distribution of the array can be written as T = max ⋅ T norm , where max is the maximum position tolerance of all the array elements. Suppose the acceptable gain loss caused by the random position error is GL max , then how to determine max according to GL max becomes a critical issue, which is studied in the next section.
Position Tolerance Design Method and Verification

Process for Position Tolerance Design.
The very first point that needs to be noted here is that the position tolerance max is a definite value, whereas the position error of antenna element is randomly distributed within the tolerance zone T, so the gain loss of the array under T is uncertain, too. In order to quantitatively evaluate the gain loss caused by the position errors that submitted to , the reliable gain loss (R-GL) is defined, which means there is a very small possibility that the gain loss under is greater than R-GL. Exactly speaking, suppose groups of position error samples are generated under and there are gain losses accordingly. Then R-GL is the smallest gain loss of those that ranks in the top 5% of all gain loss. The definition is also suitable for reliable PSLL (R-PSLL). It is important to note that both R-GL and R-PSLL are directly related to the groups of position error samples generated, that is, . The bigger , the smaller the variation range of R-GL/R-PSLL. When the variation range of R-GL/R-PSLL is within an acceptable precision, is acceptable and called the reliable group number . Meanwhile, it is known from previous studies that there exists a certain functional relation between the reliable gain loss R-GL [15] and the position tolerance distribution . Suppose GL max = 0.5 dB, then the maximum position tolerance max can be obtained by directly solving the function GL max = ( max ⋅T norm ). Therefore, in order to obtain max , it is necessary to find the functional relationship , which can be carried out through the following steps:
(a) Calculate the normalized position tolerance distribution T norm through (3).
(b) Generate a series of tolerances max randomly and calculate RGL accordingly.
(c) Select the fitting function according to the distribution trend of RGL relative to max .
(d) Perform the function fitting in MATLAB to get the function RGL = ( max ⋅ T norm ).
(e) Solve the function GL max = ( max ⋅ T norm ); then the corresponding maximum position tolerance max is obtained.
In summary, the position tolerance allocation of array antenna is determined as shown in Figure 4. 
Verification of Design Method.
In order to embody the advantage of the position tolerance design method in this paper, it is necessary to compare the electrical performance parameters like gain loss and sidelobe level of array designed by the method proposed in this paper and that of the array designed by the "traditional method." For the convenience of narration, the previous array is denoted as SA and the latter one as UA.
The following are the verification process and parameter settings. In order to meet the requirements for antielectromagnetic interference capability of most IoT array antennas, a 20 × 20 planar array is taken as an example to illustrate the comparison. The structural parameters and electrical parameters are shown in Table 2 , and the normalized position tolerance distribution T norm is shown in Figure 5 . The performance of SA and UA is compared under the same allowable requirements. Specifically speaking, the relationship between the GL and the position tolerance T for SA is obtained through the new method (GL S = (T)), and the relationship for UA (GL U = (T)) is obtained from Wang [22] that is frequently cited by relevant researchers. Then suppose the allowable gain loss for SA and UA both is GL , respectively. The corresponding R-GL and R-PSLL of SA and UA are calculated based on these position error samples. Besides, the uncertainty analysis based on the tolerance distribution of SA and UA is also performed for the comprehensive view of the result. The mean and the standard deviation of the corresponding electrical performance are calculated. What is more, the ratio of the gain loss that is less than 0.5 dB (GL ≤ 0.5 dB) and the ratio of the ΔPSLL that is less than 1 dB (ΔPSLL ≤ 1 dB) are counted. The reliable group number is obtained through the theory of minimum sample size in mathematics of statistics [32] and numerical simulation. When the variation range of R-GL is 0.05 dB, the reliable group number is = 100. Furthermore, the uncertainty of Tables  3 and 4 . It can be seen from Tables 3 and 4 that for the SA and UA that are designed under the precondition of equal gain loss, the R-PSLL is 1.937 dB ( = 0 ∘ plane)/1.586 dB ( = 90 ∘ plane) lower than that of UA. Besides, the average PSLL of SA is 1.402 dB ( = 0 ∘ )/1.406 dB ( = 90 ∘ ) lower than that of UA. What is more, the ratio of ΔPSLL ≤ 1 dB of SA is very close to 100% and is almost twice that of UA, which indicates that the position tolerance of SA basically guarantees the requirements for the gain and the PSLL of SA.
Besides, another verification work is done in order to give a comprehensive view of the new method. Suppose the requirement for the array is the allowable increasement of the peak sidelobe level ΔPSLL a ≤ 1dB, then the preset requirement of SA and UA is ΔPSLL S a = ΔPSLL U a = 1 dB and the R-GL of SA and UA is compared. Here the way to obtain the relationship ΔPSLL = (T) for SA is similar to the way to obtain GL = (T) that is shown in Figure 4 , except that the position tolerance T S a is obtained based on the preset requirements for ΔPSLL a while the latter is based on the preset requirements for GL. The UA is designed by the method proposed by Elliott [23] who deduced relationship between the PSLL and the position tolerance T U a . The reliable group number = 5000 when the variation range of ΔPSLL is 0.1 dB. The result is shown in Tables 5 and 6 .
It can be seen from Tables 5 and 6 that the mean PSLL of SA is 0.749 dB ( = 0 ∘ )/0.726 dB ( = 90 ∘ ) lower than that of UA. Besides, although the R-GL and the mean gain loss are 0.285 dB and 0.252 dB higher than those of UA, respectively, the mean position tolerance of UA (0.025 ) is much lower than that of SA (0.073 ), which indicates that the small gain loss of UA is achieved by greatly improving the position accuracy of all antenna elements. What is more, it can be seen from Tables 5 and 6 that the gain loss of SA has met the restriction for the requirements of GL ≤ 0.5 dB. Therefore, the SA designed through the new method is able to realize the desired performance through a more economic way.
The above results fully demonstrate the effectiveness and the novelty of the new method proposed in this paper.
Conclusion
The high performance of array antenna guarantees the effective communication and accurate acquisition of target information in the Internet of Things. The position tolerance design of array antenna is one of the important research areas. In this paper, the sensitivity model of the array radiation field to antenna element position is derived, and a novel method for array tolerance design is proposed based on the position sensitivity. Compared with the array designed by the "traditional method," the desired electrical performance of the newly designed array can be better achieved through a more economic way, which demonstrated the innovation and effectiveness of the new method. Besides, the sensitivity model can also be used for the theoretical basis of structural strength design. In a word, the study in this paper provides theoretical guidance for the implementation of Internet of Things.
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